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Br-(CH 2 ) 11 -(4'-methyl-2,2'-bipyridyl) (S1). To an oven-dried, 500-mL round-bottomed flask equipped with a magnetic stir bar and a rubber septum, 13.6 mL of 1.8 M lithium diisopropylamide (LDA) in heptanes/THF was added dropwise to a THF solution (150 mL) of 4,4'-dimethyl-2,2'-bipyridyl (23.3 mmol, 4.3 g) at -78 o C under N 2 atmosphere. The resulting solution was stirred at -78 o C for 1 h under N 2 , and then warmed in an ice bath for 5 min. 1,10-Dibromodecane (119 mmol, 35.7 g) in 50 mL THF was added at once, the resulting solution stirred at 0 o C for 3h before water (50 mL) was added, and the pH of reaction solution adjusted to 7.0 with 1 M HCl. The reaction mixture was extracted with diethyl ether (3 × 100 mL), and the combined organic layers were concentrated in vacuo. The crude product was purified by silicagel chromatography (eluent: 100% CH 2 Cl 2 and then 100% ethyl acetate) to produce S1 in 45% yield. 1 HS-(CH 2 ) 11 -(4'-methyl-2,2'-bipyridyl) (S2). To a 25-mL round-bottomed flask equipped with a magnetic stir bar and a reflux condenser, a mixture of compound S1 (1.54 mmol, 620 mg) and potassium thioacetate (1.54 mmol, 176 mg) in 20 mL of THF was refluxed for 24 h.
The reaction solution was cooled to room temperature, concentrated in vacuo, and extracted with CH 2 Cl 2 (3 × 10 mL). The combined organic layers were concentrated in vacuo to produce a thioester intermediate in quantitative yield. 1 S5 3H), 2.31 (s, 3H), 1.75 -1.62 (m, 2H), 1.61 -1.48 (m, 2H), 1.42 -1.18 (m, 14H). 13 Br-(CH 2 ) 11 -(2-pyrazinyl) (S3). To an oven-dried, 50-mL round-bottomed flask equipped with a magnetic stirbar, a rubber septum, and a balloon filled with argon, 8.3 mL of a 1.8 M solution of LDA in heptanes/THF was added to 5-mL of anhydrous THF. The solution was cooled to -78 °C, and stirred under argon for 30 min before 5 mL of a solution of 2-methyl pyrazine (10.8 mmol, 1.02 g) in anhydrous THF was added dropwise over a period of 15 − 20 min. The reaction mixture was stirred for an additional 3 h before a 5-mL solution of 1,10dibromodecane (20.0 mmol, 6.00 g) in anhydrous THF was added dropwise over a period of 15 min. The reaction mixture warmed to room temperature overnight. An excess of solid NH 4 Cl S6 was added to the reaction mixture, and the color of the reaction mixture changed from pink purple to orange yellow. The reaction mixture was subsequently filtered, and the filtrate concentrated in vacuo to yield a brown oil, which was purified by silica-gel column chromatography (eluent: 10% → 25% → 40% → 50% Et 2 O in hexanes (v/v)) to yield product S3 in 52% yield. 1 
HS-(CH 2 ) 11 -(2-pyrazinyl) (S4).
To a 25-mL round-bottomed flask equipped with a magnetic stirbar and a reflux condenser, 7.5 mL of thiourea (1.3 mmol, 99 mg) in anhydrous EtOH (7.5 mL) was added to 7.5 mL of 2-(11-bromoundecyl)pyrazine (S4) (1.2 mmol, 370 mg).
The reaction mixture was refluxed under an atmosphere of N 2 for 24 h, and concentrated in vacuo to yield a beige solid. The beige solid was suspended in 10 mL of de-ionized water; the suspension was rapidly stirred, capped with a septum, and degassed with N 2 . An aqueous solution of NaOH (1 M, 1.2 mL) was added to the suspension, and the reaction refluxed under N 2 for 4 h. The reaction mixture was cooled to room temperature under N 2 , extracted with CH 2 Cl 2 (2 × 20 mL), and the combined organic layers were dried over anhydrous NaSO 4 , filtered, and concentrated in vacuo to yield a brown oil. The crude product was purified by silica-gel column chromatography (eluent: 10% → 20% EtOAc in CH 2 Cl 2 (v/v); solvents were degassed by bubbling N 2 for 20 min) to produce S4 in 73% yield. 1 Br-(CH 2 ) 11 -(1,10-phenanthroline) (S5). Compound S5 was synthesized following the synthetic procedure described for compound S3. 1 HS-(CH 2 ) 11 -(1,10-phenanthroline) (S6). Compound S6 was synthesized following the synthetic procedure described for compound S4. 1 Br-(CH 2 ) 11 -(2-phenylpyridyl) (S7). Compound S7 was synthesized following the synthetic procedure described for compound S3. 1 
HS-(CH 2 ) 11 -(2-phenylpyridyl) (S8).
Compound S8 was synthesized following the synthetic procedure described for compound S4. 1 HS-(CH 2 ) 7 -CONH-(CH 2 ) 2 -biphenyl (S10). Compounds S9 and S10 were synthesized following the synthetic procedure described in the literature. 2 S9: 1 Preparation of SAMs. SAMs were prepared following the procedure reported previously. 2, 3 Ultraflat, template-stripped silver substrates (Ag TS ) 4, 5 were submerged in an amber- 
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We measured the diameter of the contact area, and estimated the total area of contact by assuming the contact was uniform and circular. To confirm the EGaIn electrode was in contact with the SAM and formed a Ag TS -SC 11 BIPY//Ga 2 O 3 /EGaIn junction, we performed a single scan: 0V → +1.0V → 0V → -1.0V → 0V. If the junction was formed correctly, and did not short, we performed 20 more scans (i.e., each junction was used to collect 21 traces of J(V)). 6, 7 A new Ga 2 O 3 /EGaIn electrode was prepared after every three junctions to minimize artifacts in the data that could arise from the adsorption of adventitious contaminants on the Ga 2 O 3 surface, and to prevent the influence of unnecessary roughness at the tip of the Ga 2 O 3 /EGaIn electrode after multiple contacts with the SAM. S11 Table S1 . Comparison of the rectification ratios and junction characteristics for molecular rectifiers claimed previously. 
type of junction

Description of materials and experiments
Thiols (R-SH)
-Purified with silica gel column chromatography using degassed (by bubbling N 2 for at least 15 min) eluents. -Purified thiols were maintained under N 2 atmosphere and stored at <4 °C. -The purity of the alkanethiols were checked using 1 H NMR spectroscopy before use (note that thiols readily react in an O 2 atmosphere to give disulfides, sulfonates, and/or sulfonic acids).
Ag TS substrates
-Prepared following the procedure reported previously. 4,5 -Freshly cleaved Ag TS substrates were used directly after being rinsed with pure EtOH (3 × 1mL).
Solvent for preparation of SAM
-Anhydrous 200 proof EtOH was degassed by bubbling N 2 through the solution for ca. 15 min before adding the alkanethiol molecule.
Preparation of SAM
-Prepared following the procedure reported previously. 
Preparation of Ga 2 O 3 /EGaIn Tip
-Prepared following the procedure reported previously. 7 -Commercially available EGaIn (≥99.99%, Aldrich) was used.
-Conical tips with no visibly observable whisker(s) were used.
Measurements
-Followed the "1-3-20" protocol reported previously. 7 -The sequence of applied voltage: 0V → +1.0V → 0V → -1.0V → 0V
Minor discussion
Background about Rectification
Measurements of rectification are self-referencing: the same junction is used to make measurements at opposite polarity. 3, 10 Measuring the rectification of current, at applied voltages of different polarities, across the same region of a SAM, and across the same interfaces in the same junction without the need of reforming junctions between the SAM and the top electrode between measurements, eliminates or minimizes many of the uncontrolled variables associated with large-area junctions formed on SAMs. 3, 10 These variables include: damage to the SAM when forming the top-electrode 11 or when making electrical measurements (e.g., by electromigration 12 of metal in the electrodes into filaments); variations in the contact area between the top-electrode and the organic insulator; 7 uncharacterized disorder in the structure of the SAM; 13 defects in (and the variable topography of) the metal substrate; 5 and contamination of the surface of the metal, SAM, or top-electrode by adventitious organic contaminants in the laboratory atmosphere. The self-referencing characteristic of rectification gives the distributions of rectification ratios that are often much narrower than distributions of current densities.
Understanding the basis of rectification in molecular junctions offers a particularly attractive opportunity to relate the electrical behavior (e.g., asymmetric J-V traces) of the junction to the structure of the molecules composing them. When examining a new rectifying junction, one first must establish that rectification is reproducible and statistically wellcharacterized before determining if the rectification is dominated by the SAM, or by another feature of the junction (e.g., redox chemistry occurring at the top or bottom electrodes, asymmetric metallic contacts at interfaces of the SAM with the top-and bottom-electrodes, or artifacts due to other processes such as electromigration 12 ). Table S1 .
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Rectifications in Previous Studies Shown in
The ranges of r presented in Table S1 are higher than the values observed in nonrectifying aliphatic or oligo(phenylene) SAMs (r +~1 .0 -3.0), 8 and cannot be rationalized easily by characteristics of the junction that are independent of the SAM (e.g., asymmetry in the work function between the two electrodes, or differences in the bonding or modes of contact at the interfaces between the SAM and the electrodes). A thorough analysis of rectification of many of these previously published systems is not presently possible because: their reproducibility is unproven, too few data are reported to differentiate mean values from outliers, or a molecular origin for rectification has not been demonstrated. We believe, however, that a number of these observations represent authentic rectification.
The Role of Backbone (Amide, -CONH-vs. Ethyl, -CH 2 CH 2 -) of SAM in Charge Tunneling
Through EGaIn-based Tunneling Junctions.
We previously demonstrated that replacing -CH 2 CH 2 -with -CONH-in the backbone increases the synthetic accessibility of thiol derivatives with various terminal groups, and does not significantly influence J(V). 2, 6, 14 Thus, for designing the backbone of thiol derivatives in this work, we used n-alkyl backbone with or without -CONH-in the middle.
Synthesis of Molecules, Preparation of SAMs, and Junction Measurements
All thiol derivatives were purified through silica-gel column chromatography using degassed (by bubbling N 2 through the solution for at least 15 min) eluents. The SI also summarizes the preparation of SAMs, fabrication of template-stripped silver (Ag TS ) substrates, preparation of Ga 2 O 3 /EGaIn conical tips, and assembly of junctions (Table S2 ). We formed S16 junctions using unflattened 15 Ga 2 O 3 /EGaIn conical tips selected to avoid tips with visible asperities (see the reference 15 for detailed information about selected unflattened conical tips). Flattened 7 and non-flattened conical tips 6, 8, 16 show statistically indistinguishable tunneling decay constants (β) and injection current densities (J o ) (for n-alkanethiolates on template-stripped silver substrates); we conclude the electrical behaviors of both tips are similar and do not affect junction measurements significantly, but have not explicitly studied the characteristics of the tip on rectification by BIPY.
We collected J-V traces over the range ±1.0V using procedures described in detail previously 2,3 for 27 Ag TS /S(CH 2 ) 11 BIPY//Ga 2 O 3 /EGaIn junctions on three different Ag TS substrates. We collected 444 J-V traces (78% of the junctions did not short-that is, the yield of working junctions was 78%), and measured the current density (J in A/cm 2 ) at an applied bias of V = ±1.0 V). We compared tunneling currents at V = ±1.0V to study rectification for three reasons. i) We chose V = ±1.0V for comparisons with many rectifiers, reported previously, that were studied in V= ±1.0V (Table S1 ). In particular, these values of applied bias were used to study the well-characterized rectification of Fc-terminated SAMs. ii) We examined ranges of voltages, in ±0.1V increments, greater than ±1.0V and found that voltages greater than ±1.0V almost always resulted in shorting junctions (>95%). iii) Previous work by Wimbush et al. 17 showed that an applied bias of less than |V|<1.0V has no significant effect on J(V) characteristic of applied junctions. Values of applied bias |V|>1.0V increased (by up to four orders of magnitude) the thickness of Ga 2 O 3 film, and large polarization of these films led to significant changes in the electrical characteristics of EGaIn junctions.
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Histogram of Rectification
Values of r, when measured in junctions with conical Ga 2 O 3 /EGaIn top electrodes, are usually approximately log-normally distributed. 3, 18 We generated histograms of log|r + | (|r + | at log scale), fit each histogram to a Gaussian curve, and obtained the mean (log|r + | mean ), the median (log|r + | median ), and the standard deviation (σ log|r| ) of log|r + |.
XPS Analysis for Examining Formation of BIPY Complexes with Ga 3+ or In 3+ .
We designed an experiment using X-ray photoelectron spectroscopy (XPS) to explore the influence of formation (if it occurs) of complexes on the rectification we observed. We analyzed SAM surfaces using XPS before and after assembly of the junction. XPS is a technique with high sensitivity (up to ~0.1% atomic sensitivity); 19 XPS has been used to measure the atomic composition of monolayers of metal chelates, [20] [21] [22] and mixed monolayers. 20, 22, 23 Using XPS, we examined the composition of the region that has been contacted with the Ga 2 O 3 /EGaIn electrode.
We have demonstrated previously that the effective area of contact between rough surfaces of Ga 2 O 3 film and SAM is smaller (~10 -4 ) than the geometrical, nominal area of contact established by optical microscopy. 7 For detection of the formation of Ga 3+ or In 3+ complexes with BIPY, we wished to increase the area of contact between the Ga 2 O 3 and SAM. Thus, in this particular experiment, we used, instead of conical tips, 6-8 a drop of Ga 2 O 3 /EGaIn; here, the Ga 2 O 3 film is smoother and more compliant than the Ga 2 O 3 film in a conical tip, and thus leads to larger (×10) effective area of contact between the Ga 2 O 3 and the SAM. We also tried to increase the probability that the BIPY group would chelate a metal ion by making at least 20 successive contacts with a SAM on the same region.
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The spectrum in Figure S2 , after contact with the top electrode, contained signals corresponding to Ag, C, N, S, and O, but did not contain peaks corresponding to Ga (1115 eV for Ga 3d) or In (445 eV for In 3d). We attribute the trace amount of oxygen on the surface to molecules of water physisorbed on the surface, and not to an oxidized byproduct such as sulfonate, nor to gallium oxide transferred from the EGaIn electrode, because there was only a single sulfur 2p peak (~162 eV) corresponding to a thiolate, and gallium ions were not detected. S19 Figure S1 . A plot of r + versus an applied bias V (V) for Ag TS SC 11 Table S3 . References are based on those in the manuscript. 
